Here, we will briefly review some major data concerning the genetic organization, the transcription regulation, the structure of the protein and the relative molecular functions of PARK2. Then we will focuson the current knowledge about PARK2 alternative spliced isoforms and their implication in human diseases.
INTRODUCTION
Aalternative splicing (AS) is a fundamental mechanism of gene expression regulation that involves more than 90% of genes in our genome [1, 2] . This process is considered the major driving force of transcriptome and proteome diversity: thanks to its ability in increasing the coding potential of genomes, AS represents a cheap and powerful tool that allows cells to produce multiple protein products starting from a single gene. Through AS, the immature primary mRNA transcript can be processed and combined in different ways by alternative usage of exons, splice sites or intron sequences [3] . The AS mechanism relies on a delicate and finely tuned interplay amonga great number of molecular elements: the constitutive splicing motifs (i.e. the 5' and the 3' splice sites, the lariat branch point and the polypyrimidine tract), the splicing regulatory sequences (i.e. exonic and intronic splicing enhancers or silencers), the components of the spliceosome (i.e. the small nuclear ribonucleoproteins U1, U2, U4, U5, and U6) and other additional auxiliary RNA-binding proteins [4] . Besides the physiological involvement of AS in cellular life, many evidences suggest a significant contribution of this mechanism in human pathologies [5] and therefore its clinical relevance is growing exponentially. It is estimated that 50% of disease-causing mutations affect pre-mRNA splicing [6] . Two main molecular defects can lead to aberrant AS events: mutations of the DNA elements required for correct pre-mRNA processing (called cis-acting mutations) oralterations of the factors that are necessary for splicing regulation (termed trans-acting defects). ThePARK2(or parkin RBR E3 ubiquit in protein ligase)gene belongs to the family of extremely large genes and is located in the long arm of chromosome 6 (6q25.2-q27). Mutations of this gene were firstly described as responsible for familial forms of Parkinsonism, but they also occur in a wide variety of human diseases, including pathologies of the nervous system and malignancies. Our knowledge about PARK2AS regulation is enormously increased from the cloning of the first human cDNA [7, 8] .A remarkable number of papers currently demonstrated, in human as well as in other species, the existence of different mRNA parkin variants [9] [10] [11] [12] [13] [14] [15] , potentially encoding a wide varieties of isoforms with different structures and molecular architectures. Thanks to this renewed update regarding PARK2 AS, several papers are addressing the experimental study with the awareness of this complex splicing mechanism [16] [17] [18] [19] [20] [21] [22] .
In the present review, we will briefly describe some major data on PARK2, concerning the genetic organization, the transcription regulation, the structure of the parkin protein and relative molecular functions. Then we will summarize the current knowledge about PARK2 alternative spliced mRNAs and protein isoforms and their implication in human diseases.
PARKIN CYTOGENETIC LOCATION, GENE STRUCTURE, SPLICING ISOFORMS AND PROTEIN FUNCTIONS
PARK2 is one of the largest gene in human genome and encompasses more than 1.38 Mb of genomic DNA in the long arm of chromosome 6 [7, 8] (Figure 1) . It is located in the center of the third most mutation-susceptible common fragile site (called FRA6E), a genomic region characterized by intrinsically difficulties to replicate and prone to forming chromosomal breakages [23] . Although FRA6E contains many genes, the main fragility coreis localized within the PARK2 gene sequence. Inside the FRA6E locus, PARK2 is flanked towards the telomeric direction by PACRG (or PARK2 co-regulated), which lies in a head-to-head arrangement and shares a common promoter with the adjacent PARK2 [24] , and in the centromeric direction by AGPAT4 (1-acylglycerol-3-phosphate O-acyltransferase), encoding a member of the 1-acylglycerol-3-phosphate O-acyltransferase family. According to NCBI Map Viewer, further elements overlap or surround the PARK2 genetic region, such as two pseudogenes (KRT8P44 and TRE-TTC15-1) and a set of non-coding RNAs (LOC105378094, LOC105378098, LOC105378097 and LOC105369171) (Figure 1 The first human PARK2 transcript was isolated in 1998 by Kitada et al. [7] . It consists of a 2,960 nucleotides transcript with a 1,395-base-pair open reading frame encoding a protein of 465 amino acids [7] . Based on this mRNA, the genomic organization and exon/intron boundary sequences of PARK2was established of 12 exons [7] . From that first cloned cDNA, PARK2 gene has been the focus of hundreds of scientific papers which concentrated both on the genetic variations present in the 12 originally established exons and in their exon/intron boundaries. However, a number of transcripts and additional exonic sequences alternatively included or skipped in mature mRNAs have been collected during years.
The main works of recapitulation of PARK2 human transcripts and protein isoforms have been performed by our own research group [14, 19, 20] . In the first one, published in 2004, seven PARK2 splice transcripts were isolated from brain or human leukocytes and were indicated as TV1, TV2, TV3, TV6, TV7, TV11 and TV12( Table 1) . More recently, we have reviewed data [19] , showing that the Homo sapiensPARK2 cDNA sequences, deposited in Uni Gene repository, aligned with the genomic sequence and clustered in a minimal non-redundant way, support at least the existence of 21 different alternatively spliced mRNAs (named from H1 to H21) composed of 17 exons [19, 20] (Figure 2 and Table 1 ).For each of these 21 variants, the protein amino acidic sequence (based on the longest reading frame), molecular weight, isoelectric point and domain composition were predicted [19, 20] . Despite the multiple described splicing variants, the NCBI Reference Sequence database currently annotates just three representative transcripts as full-length PARK2 mRNAs (NM_004562; NM_013987; NM_013988) encoding proteins of 465, 437 and 316 amino acids respectively ( The table reports the NCBI Accession Numbers, the Gene Identifiers (GI) and the mRNAs code name assigned in [14] and [19] . The corresponding amino acidic length and predicted molecular weight are also indicated.
Figure2. Exonic and intronic organization of human PARK2 gene.
The figure shows the genetic organization of human PARK2: the 12 originally identified exons [7] are represented as green bars. 5 additional exonic regions have been described by La Cognata et al., 2014 [19] The full-length parkin is widely expressed in different brain areas [25] and participates in the ubiquitin proteasome system as a RING-type E3 ubiquitin-ligase. This participation is accomplished at its N terminus through a ubiquitin-like domain (UBL) recognizing a specific substrate protein and four zinc-coordinating RING-like domains: RING0,RING1, IBR and RING2 [26] (Figure 3) . The UBL domain is involved in recognition and transfer of ubiquitin to specific substrate proteins, thereby targets them for proteasome degradation [26] . Various types of proteins, including cytosolic (Synphilin-1, Pael-R, CDCrel-1 and 2a, α-synuclein, p22, Synaptogamina XI) [27] [28] [29] [30] [31] , nuclear (Cyclin E) [9] , and mitochondrial ones (MFN1 and MFN2, VDAC, TOM70, TOM40 and TOM20 
PARKIN ALTERNATIVE SPLICING IN PHYSIOLOGICAL CONDITIONS
ThePARK2regulation represents a fascinating example of the use of AS to create different variants within single cell types. Indeed, the PARK2 AS intervenes in normal physiological condition during cell life. Some evidences demonstrating common PARK2 variants could be cited: in the first original paper, Kitada et al. [7] described a cDNA clone without a small sequence of 84 bp in frame revealed by screening human fetal brain and skeletal muscle cDNA libraries; our own group (as anticipated) reported seven PARK2 splice transcripts isolated from brain or human leukocytes [14] ; Sunada et al. demonstrated a parkin exons 3-4-5 (447 bp; 149 AA) splice variant (called E3-4-5SV) expressed in human leukocytes [15] ; Kasap et al. [37] , showedthat the protein is expressed in serum and furthermore, identified six different proteins with similar molecular weight, probably corresponding to spliced forms, through MALDI-TOF analysis of the immunore active area cutted off from the blot.
The interest onPARK2 AS becomes obviously greater when it concerns human diseases: the differential expression of PARK2splicing isoforms have been studied in different pathological states, as we will discuss in the next paragraphs.
PARKIN ALTERNATIVE SPLICING: INVOLVEMENT IN NEUROLOGICAL DISORDERS

Parkinson's Disease (PD)
Homozygous or compound heterozygous mutations in PARK2 are the most common cause (50% of cases) of autosomal recessive juvenile Parkinsonism (AR-JP), a form of early-onset characterized by classic symptoms of PD (such as bradykinesia, rigidity, and tremor), a clear drop in onset age, a slow disease progression and a good response to levodopa treatment [38] . PARK2 mutations also explain ~15% of the sporadic cases with onset before 45 [39, 40] and act as susceptibility alleles for late-onset forms of PD (2% of cases) [41] . Along with the about 200 mutations currently identified in PARK2 coding region, a number of cis-acting point mutations in splice acceptor or donor sites have been observed in PD patients [19, [42] [43] [44] [45] [46] [47] [48] .These are collected in the Parkinson Disease Mutation database (http://www.molgen.vib-ua.be/PDMutDB/). Several evidences support the differential expression of PARK2 splice variants in PD conditions. A parkin splice transcript, called by authors E4SV and lacking exon 4 (122 bp) [13] , was identified in the substantia nigra and leukocytes of sporadic PD patients and healthy controls by reverse transcriptase-polymerase chain reaction. The loss of exon 4resulted in a reading frame shift over the junction of exons 3-5 and a stop codon 17 bp downstream from exon 3, producing a truncated protein with a total loss of the two-RING finger functional domain. Although both groups expressed these variants, the authors highlighted a significant over-expression of E4SV and reduction of the wild-type parkin in the leukocytes of sporadic PD patients as compared to age-, gender-, and race-matched controls [13] . Another study conducted by Humbert, Beyer and colleagues [11, 12] , was aimed to explore the differential expression of PARK2 splice variants in different neurodegenerative diseases, including PD. Of seven analyzed parkin isoforms, only two splice variants (Parkin TV3 and TV12) showed significant over expression levels in PD frontal cortex when compared to controls.
Lewy Bodies Disorders (LBD)
Lewy body diseases comprise a group of disorders characterized by the presence of neuronal inclusions called Lewy bodies. This group comprehends PD and two different forms of dementia with LBs (DLB): pure DLB (pDLB) and common Lewy body disease (cLBD),(i.e. a mixed form of pDLB with the widespread presence of LBs and Alzheimer disease because of the additional presence of amyloid plaques).
The differential expression of seven parkin isoforms were assessed in frontal cortex of patients with pLBD and cLBD. At least four transcripts showed altered levels compared to controls. Parkin isoform TV1, the unique whole transcript of the gene with preserved complete function as E3 ubiquitin-ligase, showed altered expression levels and was down regulated in both pDLB and cLDB, suggesting a substrate accumulation of material by insufficient ubiquitylation. In addition, Parkin TV7 relative expression levels revealed a marked decrease in both Cdlb and DLB when compared to controls. Anover expression of bothTV2 and TV3 were only seen in cDLB. Both of them present a significant shortening of the sequence betweenthe ubiquitin-like domain and the ring-finger domains that could alter substrate affinity and/or recognition, resulting in insufficient degradation of parkin substrates and subsequent LB-like inclusion formation.
Alzheimer Disease (AD)
The expression of parkin splice variants was explored in the frontal cortex of AD patients. Despite the observed different quantitative measurements among the spliced parkin variants, no significant disease-specific isoform-expression changes were revealed [11, 12] . Parkin splicing, therefore, seems to be not involved in the pathogenesis of AD.
Multiple System Atrophy (MSA)
Together with PD and DLB, multiple system atrophy (MSA) is a member of the neurodegenerative disorders termed α-synucleinopathies. In a very recent study [49] , the differential expression of parkin transcript isoforms in different brain areas (substantia nigra, striatum, cerebellar cortex, nucleus dentatus and prefrontal cortex) was ascertained in MSA patients in comparison to PD cases and healthy controls. Authors reported in MSA subjects increased levels of parkin isoforms lacking the N-terminal ubiquitin-like domain. In particular, the transcription of the TV1 variantwas reduced in MSA substantia nigra and PD prefrontal cortexas compared to normal controls, suggesting a loss of the parkin ability to promote degradation, ubiquitination and relative neuroprotective activity. Moreover, higher levels of TV2 transcripts were found in the striatum and cerebellar cortex of MSA patients as compared to PD and normal subjects. There were also higher levels of the TV12 splice variant mRNA in the substantia nigra, nucleus dentatus, striatumand cerebellar cortex of MSA as compared to PD and control brains. The changed expression profile of these isoforms suggested regional and cellular alterations in the splicing events that may be important for the highly increased aggregation of α-synuclein in the brain.
PARKIN ALTERNATIVE SPLICING: INVOLVEMENT IN CANCER
Lung Adenocarcinoma
Parkin gene has been shown to be genetically altered in a wide variety of human tumors including lung cancer. Its germline and somatic deletions were reported both in patients and in lung adenocarcinoma cell linessuggesting that the loss of this locus and the resulting changes in the expression are involved in the development of this tumour [50] [51] . Very recently, Xiong et al. reported the PARK2 germline mutation c.823C>T (p.Arg275Trp) in a family with an heredited form of lung cancer [52] .
The expression pattern of parkin spliced isoforms has been investigated in deparaffinized sections of human lung adenocarcinomas sampleswith western blot analysisby using two different antibodies recognizing distinct protein domains [21] . In tumoural samples, bands of ~50, ~42 and ~20kDa molecular weight were detected on blot, corresponding to H1/H5, H14/H4/H8/H17 and H13/12 isoforms, respectively. Moreover, in order to characterize the biological role of these proteins, the authors have assessed their expression in human lung adenocarcinoma (A549) and in human normal bronchial epithelial cell lines (BEAS-2B) after treatment with specific stressors. They showed that parkin isoforms expression profile changed after exposure to a proteasome inhibitor or mitochondrial depolarizing agent, or in serum starvation. Results suggested that some of them may be involved in specific cellular processes, such as mytophagy or apoptosis.
Gliomas
PARK2 has been decribed as a tumour suppressor gene in glioblastoma multiforme, the most commonand lethal primary malignancy of the central nervous system [22, 53] . Genetically, both copy number loss and several somatic point mutations of parkin have been describedin glioblastomas samples [53] . Transcriptionally, itsexpression was found dramatically reduced in human glioma cells, while its restoration promoted cell-cycle arrest and mitigated their proliferation rate [54] [55] .
In order to evaluate the involvement of parkin proteins in this tumor malignancy,theirexpression profile was investigated in different grades astrocytomas [22] . In all tumor samples were detected bands of ~58, ~50 and ~15 kDa kDa molecular weight on blot, corresponding to H20, H1/H5 and H9/H13/H7/ H18 isoforms, respectively. Furthermore, in afrozen sample of glioblastoma multi forme, a further band of ~42 kDa molecular weight corresponding to H14/H4 isoforms, was also visualized by western blot analysis. Densitometric analysis of blot showed that parkin isoforms expression was higher in malignant glioblastomas than in less invasive gliomas. Furthermore, to investigate the role of splice isoforms in cellular processes, it has been analyzed their expression in three glioblastoma cell lines (T98G, A172 and U87-MG) following treatment with a proteasome inhibitor, or induction of mitophagy, or after serum deprivation. Results suggest that expression of the isoforms changed after treatments in cell specific manner.
Colorectal Cancer
The regulation of Parkin splice variants expression was investigated also in clinical specimens of human colorectal cancer tissues [9] . The authors identified various alternatively spliced isoforms of Parkin in human colorectal cancers, mainly constituted by loss of exons 3-6, and functionally defective in their ability to induce proteolytic degradation of the cyclin E protein. These findings suggest that the AS of the Parkin gene might contribute to the accumulation of cyclin E protein, leading to the deregulation of cell-cycle progression in colorectal cancers. In support of these results, the expression of alternatively spliced Parkin was also measured in colon cancer cells: DLD1 cells expressed a Parkin transcript lacking exons 3 to 5 and exons 7-8, while HT29 colon cancer cells expressed predominantly wild-type Parkin.
Ovarian Cancer
In order to clone the FRA6E site and better characterize the enclosed genes, Denison et al. [56] performed a screening of PARK2 splicing variants in normal ovarian epithelium, primary ovarian tumors and ovarian cancer cell lines. This screening revealed several alternative transcripts in both the cell lines and the primary tumors analyzed, but not in the healthy ovarian epithelium. Sequence analysis of these alternative transcripts determined that they derived from PARK2and contained exonic duplications and/or deletions. The same research group later confirmed these results and investigated the expression of parkin in seven primary ovarian tumors and six ovarian tumorderived cell lines by Western blot analysis. Results showed that some of these samples exhibit decreased or the complete absence of Parkin protein expression [57] .
CONCLUSIONS
AS is a complex molecular mechanism, which increases the coding capacity of our genome by generating distinct proteins from a single gene. The importance of AS in the regulation of diverse biological processes is mirrored in the growing list of human diseases associated with known or suspected splicing defects, including neurodegenerative and oncologic diseases. A great number of evidences support the intricate and complex AS regulating the expression of PARK2 gene. Mutations that change this delicate equilibrium can lead to alterations in the levels of the correctly spliced forms, or can alter their physiological role. Investigating the distribution of PARK2 splice forms, their functional characterization and the AS-altering mutations could open up new scenarios for the resolution of some molecular ways contributing to human diseases.
